Fine-grained WZ73 magnesium alloy with the grain size of 1.6 mm was produced by Equal-Channel-Angular Extrusion. The material exhibited tensile yield strength of 293 MPa, tensile strength of 350 MPa and relatively large elongation of 18% at room temperature. The yield strength was almost unchanged up to 473 K. In addition, large superplastic elongation of over 300% was obtained at a temperature of 673 K.
Introduction
Recently there has been a significant increase in the use of magnesium as a structural material. Typical Mg-Al system alloys, for example, AZ91, AM60 and AZ31, normally exhibit moderate strength at room temperature, but the strength rapidly decreases above $400 K. 1) In general, magnesium alloys containing yttrium and/or rare earth metals have high strength at elevated temperatures. [2] [3] [4] [5] [6] It was reported that rapidly solidified powder metallurgy (RS P/M) Mg-Y-Zn system alloys exhibit high strength at elevated temperatures. It has been demonstrated that the RS P/M Mg-10 mass%Y-2 mass%Zn alloy exhibited the tensile strength of 520 MPa and elongation-to-failure of $2% at room temperature. 7) The tensile strength was 440 MPa even at 473 K. The strength and ductility were extraordinarily improved for the RS P/M Mg-Y-Zn alloy through the exploration of optimum alloy compositions. 8, 9) A high yield strength of 610 MPa and a relatively high tensile ductility of 5% at room temperature, and high yield strength more than 380 MPa at 473 K were reported for the extremely finegrained (d ¼ 100{150 nm) RS P/M Mg-2 at%Y-1 at%Zn (Mg-6.8 mass%Y-2.5 mass%Zn) alloy (ASTM designation: WZ73). Moreover, the material exhibited high-strain-rate superplasticity at 623 K. These excellent properties were attributed to the fine grain size and the dispersion of fine stable particles. The combination of high strength and relatively high ductility at room temperature, high elevated temperature strength, and high-strain-rate superplasticity obtained in the fine-grained WZ73 is encouraging for plastic forming of several aircraft and automobile components where operating temperatures as high as 453 K are being considered.
14)
The present study was motivated to refine the microstructure of WZ73 alloy by ingot metallurgy route. It has been demonstrated that the Equal-Channel-Angular Extrusion (ECAE) process could produce large bulk materials with a sub-microcrystalline structure for a wide range of materials from pure metals, solid-solution alloys, commercial alloys, to metal matrix composites, [11] [12] [13] including magnesium. [14] [15] [16] [17] [18] [19] [20] [21] Therefore, the authors performed ECAE on WZ73 alloy, and the mechanical properties were examined.
Experimental
The material used in the present study was a WZ73 alloy. The nominal composition is Mg-6.8 mass%Y-2.5 mass%Zn. The alloy was initially produced by ingot casting. The ingot was homogenized at 798 K for 24 h followed by hot extrusion at 693 K with a reduction ratio of 4. ECAE was conducted on the hot extruded material by the die with a channel angle of 90 through the die using, so-called, processing route B C , in which the specimen was removed from the die and then rotated by þ90 in the same direction between each pass. [22] [23] [24] The specimen having dimensions of 20 mm in diameter and 80 mm in length was extruded at a temperature of 623 K for sixteen times.
Tensile properties were examined on the ECAE processed material. Tensile specimens, machined from the ECAE processed bar, had tensile axes parallel to the extruded direction. The specimens had a gauge length of 5 mm and a gauge diameter of 2.5 mm. Tensile tests were carried out at temperatures ranging from room temperature to 673 K and at an initial strain rate of 1 Â 10 À3 s À1 in air. Yield strength (0.2% proof strength), tensile strength and elongation-tofailure were measured.
Microstructures were observed by a color laser 3D profile microscope using a light screen mode and a transmission electron microscope. The matrix grain sizes, d (¼ 1:74L; L is the linear intercept size), were measured from transmission electron micrographs. Fracture surface and lateral surface of the deformed specimens were observed by a scanning electron microscope.
Results

Microstructures
Typical microstructures of (a) homogenized material, (b) hot extruded material, (c) ECAE processed material with low magnification and (d) ECAE processed material with high magnification are shown in Fig. 1 . The rod shaped dispersoids were aligned to the specific direction in the interior of grains after the homogenization as shown in Fig. 1(a) . The dispersoid seems to be Mg 3 Y 2 Zn 3 . 25) After the extrusion, the alignment of the dispersoids became basically parallel to the Fig. 1(b) . During ECAE, the grain refinement proceeds over almost the whole region, and the rod shaped dispersoids were fragmented as shown in Fig. 1(d) , although some of dispersoids remained rod shaped as is observed in Fig. 1(c) . Transmission electron micrographs of the ECAE processed WZ73 alloy are shown in Fig. 2 . The spheroidized particles were observed to reside in the matrix boundaries. The particle diameter was about 0.4 mm. The grains were equiaxed with fine grain sizes. The matrix grain size of the ECAE processed material was 1.6 mm.
Tensile properties at room temperature
The relationship between strength and elongation-to-failure for the ECAE processed WZ73 alloy is shown in Fig. 3 . The figure also includes the data for cast materials, 25, 26) wrought materials, 4, 26) RS P/M Mg-Y materials 8, 9, [27] [28] [29] and high strength 2xxx series aluminum alloys.
30) The present material exhibited relatively high yield strength of 293 MPa and tensile strength of 350 MPa together with moderate elongation-to-failure of 18%. The strength and the ductility of the present material exceeded that of cast materials. Although the strength of the present material was about one half of that of RS P/M WZ73 alloy, 8, 9) the ductility was higher by three times. The mechanical properties of the present material were similar to those of an AA2219 T6 alloy.
Tensile properties at elevated temperatures
The variation in yield strength as a function of testing temperature is shown in Fig. 4(a) . The figure also includes data for conventional heat resistant cast alloys (WE54, 26) WE43, 26) EQ21 26) and QE22 26) ), a popular cast alloy (AZ91 26) ), a popular wrought alloy (AZ31 26) ), RS P/M Mg-Y alloys 8, 9, 27, 28) and high strength 2xxx series aluminum alloys.
30) The yield strength of the present material was almost unchanged even at a temperature of 473 K, and exhibited higher strength by approximately 100 MPa over a temperature range from room temperature to 473 K than the conventional heat resistant magnesium alloys. The strength of the present material up to 473 K was similar to that of the high strength aluminum alloys. The strength of the RS P/M alloys decreases rapidly at temperatures above $500 K, although these alloys exhibit higher strength over 500 MPa near the room temperature. The tensile strength as a function of testing temperature is shown in Fig. 4(b) . The tensile strength gradually decreased with temperature up to 473 K. This is related to the decrease in the extent of strain hardening.
The variation in elongation-to-failure as a function of testing temperature is shown in Fig. 4(c) for the present 
Discussion
The relationship between yield strength and the reciprocal of the square root of grain size is shown in Fig. 5 for pure magnesium, 31) AZ91 alloys, 32, 33) the present ECAE processed material and other Mg-Y alloys. 8, 9, 29) It is obvious that the k-value in the Hall-Petch relation ( ¼ 0 þ kd À1=2 ) for AZ91 is dependent on the processing route as has been demonstrated by Mabuchi et al.: 33) the k-value for the ECAE processed material is slightly lower than that for the normally extruded material. In order to estimate the 0 -value for the present material, the k-value for the ECAE processed AZ91 alloy 33) was tentatively used. From Fig. 5 , the 0 -value is calculated to be 192 MPa for the present material. Some 0 and k-values in Fig. 5 are summarized in Table 1 . The 0 -value in the AZ91 alloys is approximately 145 MPa irre- AA2018 T6 30) AA 2218 T6 30) Fig. 3 The relationship between strength ((a) yield strength and (b) tensile strength) and elongation-to-failure at room temperature for magnesium alloys and high strength aluminum alloys. AA 2218 T6 AA2018 T6 30) High strength Al alloys (a) Fig. 4 The variation in (a) yield strength, (b) tensile strength and (c) elongation-to-failure as a function of testing temperature in ECAE processed WZ73 alloy. The yield strength data for several magnesium and aluminum alloys are also included.
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spective of processing routes, and is lower than the present material by $50 MPa. The relatively high 0 in the present material is probably related to the solid solution strengthening effect, since the atomic radius of Y is larger than that of Al by 1.24 times. In addition, load transfer from the matrix to particles may also contribute to the strengthening. The 0 -value in the RS P/M WE56 alloy, which was estimated using the k-value for RS P/M AZ91, 32) was much higher than that in the present alloy as listed in Table 1 . The additional strengthening may be due to the Orowan process, because the RS P/M WE56 alloy contained precipitates in the grain interior, too. 29) Fracture surface of the specimen deformed at room temperature is shown in Fig. 6 . It was predominantly a ductile fracture. Mohri et al. 4) observed relatively high room temperature ductility of 20% in a fine-grained (d ¼ 1:5 mm) WE43 alloy. The extruded alloy also showed sufficient ductility with ductile dimples at a dynamic strain rate. 34) There was a transition from a brittle to ductile mode with decreasing grain size in this alloy. Mohri et al. 4) suggested that this behavior is because the critical stress for crack propagation increases with decreasing grain size. Relatively high ductility at room temperature observed in the present material is also probably owing to the fine grain size.
The strength of AZ31 and AZ91 alloys decreases monotonically with temperature as shown in Fig. 4(a) . This behavior is attributed to the fact that these alloys undergo creep mainly by grain boundary sliding and the phase Mg 17 Al 12 does not serve to pin grain boundaries.
1) Surface appearance of the ECAE processed WZ73 alloy deformed at 473 K is shown in Fig. 7(a) . There was no evidence of grain boundary sliding. This indicates that the fine stable dispersoids in the present alloy is effective in suppressing grain boundary sliding. Surface appearance of the specimen deformed at 673 K is shown in Fig. 7(b) . Extensive grain boundary sliding was observed at this temperature, indicative of superplasticity. The significant decrease in strength and high ductility over 300% at 673 K is attributed to the occurrence of grain boundary sliding.
Summary
Grain size of a WZ73 alloy was refined to 1.6 mm by ECAE at 623 K. Fine dispersoid particles were observed in the grain boundaries. The strength and the ductility of the ECAE processed material exceeded those of cast magnesium alloys at room temperature. The present material exhibited high yield strength up to 473 K. It was suggested that the combination of grain refinement, solid solution strengthening and load transfer contributed to the high strength at room temperature. The tensile specimen was fractured by ductile mode with moderate elongation-to-failure of 18% at room temperature, probably owing to the fine grain size. In addition, superplastic elongation of over 300% was obtained at 673 K. Fig. 5 The relationship between yield strength and the reciprocal of the square root of grain size for pure Mg, Mg-Y alloys and AZ91 alloys at room temperature. Fig. 6 Fracture surface of ECAE processed WZ73 alloy deformed at room temperature. 
